Abstract: Bus transfer schemes have long been utilized in the power system industry as a means of supplying system loads with a consistent and reliable source of power. They assist in the switch to alternative sources of power supply in the case of maintenance or failures. The design of such schemes has undergone significant transformation from discrete electromechanical relays to microprocessor-based relays with sophisticated communication capabilities. IEC 61850 is a substation automation standard for the communication between devices in a substation. IEC 61850 makes it possible to integrate intelligent electronic devices on an Ethernet-based peer-to-peer communication network, eliminating the traditional hardwiring between relays. This paper discusses the development of an IEC 61850-based parallel bus transfer scheme for an industrial plant using a complete system design approach. The development of a bus transfer scheme control logic is reported for the first time in this paper, a key attribute of this paper against previously published works in the literature.
Introduction
The application of bus transfer schemes (BTSs) within industrial plants is vital for the continuity of supply to system loads. Such industrial facilities would typically have at least two available alternative power supply lines to the auxiliary systems. Figure 1 demonstrates the simplified single-line diagram of one section of a typical industrial substation. Figure 1 shows the basic configuration of Switchroom 27 in this future substation. When the production facility is operating normally, the power required by the system loads connected to Bus A would be supplied through Feeder A. In cases when Feeder A is out of service due to maintenance, power to Bus A loads must be supplied through Feeder B by closing a bus coupler (BC). This description is also applicable to Bus B loads. In other words, it can be the Bus B loads that get connected to an alternative source (i.e. Feeder A through T27). Neither Bus A nor Bus B have any motor loads connected, but supply other mission-critical loads instead.
Bus transfer is the name given to the process of switching system loads to alternative supply paths. System loads are in most cases induction motors, which require the transfer to take place quickly and efficiently. This is critical to ensure the continuity of system loads in a power or industrial plant. If this continuity is disrupted, the 'dead' period, namely the period of time during which the load bus is not connected to any incoming source, can cause devastating damage to the motors and other system equipment connected to that bus. IEC 61850 [1] is an international standard developed for substation automation and is bound to have a significant impact on how electric power systems are to be designed and built for many years to come. The model-driven approach of the IEC 61850 standard describes the communication between devices in a substation and the related system requirements [2] [3] [4] [5] . Simply speaking, IEC 61850 defines how processes in a substation are to be modeled and how data are to be communicated [6] between substation equipment. This paper analyzes all aspects of the development of the BTS scheme and thus aims to become a valuable resource for power system protection and automation engineers and technicians. The developed BTS control logic is novel and is being reported for the first time in the literature. It demonstrates how synchronism checking in a BTS application can be performed within the master intelligent electronic device (IED) itself, removing the need for synch-check relays and further reducing implementation costs and hardwiring requirements.
In this paper, the author discusses the design of a parallel bus transfer scheme using sophisticated, stateof-the-art, peer-to-peer Ethernet-based communication-enabled IEDs. A review of fast bus transfer schemes is presented in Section 2, followed by a discussion of the specific requirements of the research partner in Section 3. A brief overview of IEC 61850 is given in Section 4, and a detailed literature review on the IEC 61850-based BTS is presented in Section 5. Sections 6-9 discuss the design and development of the IEC 61850-based BTS scheme and present the design of the communication network, the configuration of IEDs and GOOSE messaging, and, finally, the development of the BTS control logic. Section 10 presents the details of the hardware test prototype built as part of this research study along with the test results. Conclusions are given in Section 11.
Review of bus transfer schemes
Many journal publications [7] [8] [9] [10] covered motor bus transfer applications, where the criticality and safety of the motor loads and the cost of implementation are all fundamental concerns. Such BTSs are complex due to the fact that each bus would be operating at unique voltage and phase characteristics prior to and during a transfer. The literature presents a number of well-documented BTSs, each with various advantages and disadvantages. One of these schemes, the fast bus transfer scheme (FBTS), is discussed in this section. The FBTS is very popular for being fast, although it can be expensive and complex to implement. There are two types of FBTSs: parallel and sequential schemes.
The parallel FBTS involves paralleling the two sources for a short duration of time. During normal operation, both the alternative source and the normal source are connected to their respective buses. The bus coupler circuit breaker (CB) is closed before opening the normal source CB. This scheme requires the CB's interrupt ratings and the short-term withstanding capabilities of transformers to be rated in accordance with the parallel operation [11, 12] . The sequential FBTS first trips the normal source breaker before closing the circuit breaker of the alternative source, thus preventing the paralleling of the two supplies, but increasing the total transfer time in comparison with the parallel FBTS [7, 13] .
For both the above-mentioned methods, a dynamic high-speed synch-check is required to ensure that differences in the phase angle, frequency, and voltage between the normal and alternative sources are within acceptable limits [13] . Research by Beltran [11] suggested that the synch-check should detect relative phase angle change between the disconnected/decaying bus and the alternative source before closing the alternative source to the decaying bus. Furthermore, Beltran [11] suggested that this approach should be taken for both the sequential and parallel BTS schemes, a suggestion not shared by the author. The suggested approach is certainly not necessary in the parallel BTS scheme, as the motor bus will not be decaying.
Research partner BTS requirements
The research partner requires a BTS to be developed for their plant at times of transformer maintenance. The system should be designed and a prototype developed in accordance with recent technological advancements in relay hardware and software. Peer-to-peer Ethernet-based communication should be used for the high-speed communication of data in place of hardwiring. A parallel FBTS is required and an adjustable delay of 200 to 500 ms has been given for the time delay between the paralleling of the two supplies and the disconnection of the normal source. The entire single-line diagram of the substation does not show any motor loads connected to the two concerned buses (Buses A and B are shown in Figure 1) ; therefore, it is not a motor-bus application.
A manual BTS scheme is required, which takes place when the bus coupler and feeder CBs are all in SERVICE (i.e. connected/racked-in) positions. In normal operation, both Incomers A and B are closed and the bus coupler (BC) AB is open. The BTS should not take place if any one of the incomer CBs is tripped due to faults. It needs to be a manual transfer and a switch configuration with selector switches and a T-N-C switch to select the incomer for either closing or tripping. Thus, the designed BTS should allow for the system to be restored, which takes place once the transformer maintenance is completed. Restoration involves momentarily paralleling both sources before the BC is tripped after an adjustable delay of 200 to 500 ms.
The IEC 61850 standard
IEC 61850 is an international standard for substation automation that is likely to have had a significant impact on how electrical power systems have been designed and built since 2003. Since 2003, vendors have been producing IEC 61850-compliant devices and more utilities are designing and building the protection, automation, and control features of their substations in accordance with IEC 61850. IEC 61850 effectively reduces the diversity and complexity of utility-automated solutions, minimizing design and engineering costs.
The model-driven approach of the IEC 61850 standard describes the communication between devices in a substation and the related system requirements. It supports all substation functions and their engineering by using object-oriented (OO) data models that describe the processes to be implemented and controlled, e.g., the functionality of a circuit breaker or feeder equipment [14] . The use of the OO approach [15] gives more flexibility to the developer, simplifying engineering tasks for the user. IEC 61850 contains device models that describe the properties and allocation of functions in a physical device. In addition to the OO data models, it defines a set of generic services for the client-server interactions between devices in a substation and for the transfer of all sorts of data with respect to transmission requirements such as speed, reliability, and security.
The Generic Object-Oriented Substation Event (GOOSE) is widely accepted as one of the most important data transmission services defined in IEC 61850. GOOSE is a fast, connectionless communication service used for the transfer of time-critical data, where high speed and security are achieved with the numerous repetition of messages. GOOSE allows for an asynchronous, loosely coupled, and one-to-many publisher/subscriber communication model [6] .
The IEC 61850 application view focuses on defining functions in a substation automation system (SAS). This is achieved by modeling the syntax and semantics of the exchangeable application-level data in devices, as well as the communication services required to access this data. The logical node and data classes form the elements that allow the creation of the information model of a real substation device. They are the most vital concepts used in the standard as they describe the real-time substation systems [5] . IEC 61850 identifies all known functions in a SAS and splits them into subfunctions, so-called logical nodes. A logical node (LN) is a subfunction located in a physical node, which exchanges data with other separate logical entities. LNs are virtual representations of real devices [14, 15] .
LNs are by themselves not sufficient to express all the necessary details and issues concerning substations. This resulted in the need for further components to be defined and modeled. For example, there was a clear need for a specific component to represent information about the resources of the host itself. These include the real equipment connected to the host device as well as the common communication aspects applicable to a number of LNs. Thus, the logical device (LD) concept was introduced, which is mainly a composition of LNs that acts as a virtual device aggregating related LNs and data sets.
As shown in Figure 2 , each LD is composed of a single logical node zero (LLNO), a single logical node physical device (LPHD), and at least one other LN. The LLNO contains data related to LD, whereas the LPHD includes common data related to the physical device, excluding any data from the common LN class model. The device shown in Figure 2 is usually defined and modeled as a server within the IEC 61850 modeling perspective. The server contains all the communications visible and accessible models and represents the communicationsvisible behavior of an IED, usually modeled with a single LD. 
A review of IEC 61850-based BTSs
BTSs have long been used in power system substations. The use of IEC 61850-enabled IEDs in the design and development of such schemes is not well reported in the literature. A range of publications have been written, mostly by the representatives of various vendors to demonstrate the capabilities of the vendors' products. This section reviews the literature for past work on the use of IEC 61850-enabled IEDs for the design and development of BTSs in various networks.
Thakur [12] discussed the implementation of an automatic bus transfer scheme on multifunction microprocessor-based relays [12] . The paper reviewed the various BTS schemes and outlined the implementation of a typical residual voltage-dependent transfer scheme on a microprocessor-based relay. The paper was written in 2004, soon after the publication of the IEC 61850 standard, and at a stage when vendors were possibly working towards their first IEC 61850-enabled devices. Consequently, it did not detail an IEC 61850-compliant solution.
In the basic solution outlined in [12] , the information between relays is exchanged through hardwired digital inputs and outputs, and GOOSE messaging has been specified as an option.
In [11] , the authors discussed the efficient applications of bus transfer schemes utilizing microprocessorbased relaying technology with respect to petrochemical facilities. The paper specifically outlined the implementation of a typical residual voltage-dependent transfer scheme on a microprocessor-based relay. The discussion of the implementation aspects was very undetailed. Although the IEC 61850 standard was not discussed comprehensively, the paper gives a good understanding to the reader about the sort of data that can be exchanged between relays via the high-speed network.
The study by Nair [16] discussed an IEC 61850-enabled automatic bus transfer scheme (ABTS) for primary distribution substations. It proposed an ABTS for utilities, where the primary distribution substation transformers be run in split instead of parallel operation, in order to limit the fault can levels in certain situations. The paper suggested the development of the ABTS scheme based on IEC 61850. However, it discussed the practical implementation quite abstractly and in brief. Little attention was given to the discussion of many important implementation aspects. For example, there was no clear discussion of the contents of the GOOSE messages and how these contents map to an ABTS automation algorithm. Hence, the study outlined in [16] does not go beyond suggesting the use of IEC 61850 for peer-to-peer communication between relays and does not provide any real implementation guidance to engineers wishing to implement their protection applications in accordance with IEC 61850. The brief discussion in [16] on voltage and synchronism check before closing is, however, noteworthy.
Other studies [17, 18] went beyond an abstract discussion and outlined important IEC 61850-related concepts such as scheme redundancy and sending/receiving IEC 61850 GOOSE data items. Special focus was given to the residual voltage transfer scheme (RVTS) and a comparison of traditional three-relay setups. An IEC 61850-based implementation was also provided. The conceptual layout of such an IEC 61850-based RVTS was provided, illustrating some of the digital data that can be exchanged between the relays.
Substation system network diagram
In designing an IEC 61850 application, a key step is deciding on a suitable communication network topology. Figure 3 shows the network architecture developed for this substation. The entire network implements two significant IEC 61850 based-schemes: the islanding detection and load shedding (IDLS) scheme, as well the BTS. Discussion of the IDLS is not within the scope of this paper and only the BTS application is presented.
The entire network has, however, been shown to enable the reader to view and comprehend the overall structure of the communication architecture from a holistic view. Figure 3 shows the communication network as laid on top of the single-line diagram (SLD) of the substation. Although this approach has further complicated the diagram, the author believes that this representation is useful for a better understanding, since it shows how the communication/automation system interacts with power devices. The shaded area in Figure 3 is where the BTS scheme is implemented. IEC 61850 describes this level as the 'bay level', i.e. the level where protection and control IEDs from various bays are present. This is also demonstrated in Figure 4 , which shows the detailed communication network architecture without the SLD mapping. The 'station level' is where functions requiring data from various bays are implemented, e.g., the human-machine interface (HMI). The BTS bay is connected to the 'station level' though a network of switches, which facilitate communication between the station level and the bay level. This infrastructure is referred to as the 'station bus' [19] . There are a range of network topologies that can be used when designing the communication infrastructure. Several papers [19, 20] discussed and compared such different topologies in detail. The topology of the local area network (LAN) is critical due to the fact that most of the protection and control applications in an IEC 61850-based system must rely on the reliability of this communication network. The communication architecture shown in Figure 4 is based on the Star topology, which is one of the most favored topologies in these sorts of substation applications. In the Star topology, each station (i.e. each 4-6 port switch) will be connected to a common central node (i.e. a 24-port switch), resulting in reliability concerns due to a single point of failure. Specifically, if the 24-port switch fails, then there will be an entire loss of communication.
Designing for redundancy is often a critical task when designing such engineering applications. Redundancy in the network, demonstrated by Figure 4 , can be easily achieved with the duplication of system components, especially the 24-port switch. This will surely increase the complexity of the system as well as the costs of design and implementation, but will make the communication network more redundant. Most IEDs allow for two Ethernet ports or two fiber optic ports, making it possible to design a backup or failsafe system. 
BTS configuration
Figures 5 and 6 show a possible configuration of IEDs for the BTS application. A two-relay setup is proposed. IED1 is the master and controls the bus coupler CB. The exchange of information between the two relays is achieved with peer-to-peer GOOSE messaging, replacing the need for any hardwiring between the relays. Such hardwiring would have traditionally been a must in an application such as the one described in this paper for the transfer of Incomer B status signals from IED2 to IED1 and Feeder B voltages from IED2 to a synch-check relay. However, this can now be eliminated and relevant data can be transmitted and received between the two protective relays at high speeds via Ethernet ports. IEDs are wired with a number of inputs and outputs, as demonstrated in Figures 5 and 6 . These are essentially for selection, tripping/closing breakers, current/voltage signals, and status signals from the breakers. CB auxiliary switches/contacts are used to indicate the position of the circuit breaker contacts and readiness of the CBs for operation. The truck-operated contact (TOC) switch on the CB indicates when the CB is in the connected position and racked in.
The proposed configuration is similar to those outlined in [11, 17, 20, 21] , with one very important exception. This is the inclusion of selector switches and a trip-neural-close (TNC) switch to enable the operator to select one of the incomers for either closing or tripping. This would allow the system to be restored, a feature not discussed in any of the works presented in [11, 17, 20, 21] . The selector switch design is one of the innovative aspects reported in the literature and was designed by Year 4 engineering students working on a relevant capstone project under the author's supervision. 
IEC 61850-device view of the BTS application
Most of the literature discusses GOOSE messaging without much elaboration on the IEC 61850 modeling of data that represents everything about a real device. In other words, most papers in the literature discuss the fact that data can be transferred between devices over the Ethernet without adequately discussing the syntax and semantics of these exchangeable application-level data. This paper aims to address this flaw by setting the scene fully with an initial discussion of the device/data models that describe the processes/functions/tasks to be implemented, relating the discussion to this specific BTS application. Figure 7 shows the hierarchical composition of data within the feeder protection relay used in this example. GOOSE is one of the communication service models defined in the standard, which provides access to real data of various SAS devices. Virtualization is an important concept used in the standard [2] to give users a better understanding of how the complete behavior of a real device can be represented in the virtual data communications world. This is done with hierarchical modeling of the data and functions within that device, which starts with the 'server' that basically represents the physical device, i.e. the IED. Each IED will then be composed of a range of LDs, which enable the aggregation of relevant subfunctions. The feeder protection relay includes the metering, protection, control, and annunciation LDs. The subfunctions are modeled as LNs. The metering LD consists of subfunctions such as thermal metering and fundamental metering. Next in the modeling hierarchy are the data and data attributes, which are the building blocks of LNs. For example, the fundamental metering (METMMXU1) LN consists of a range of data such as phase-tophase voltages (PPV) and phase currents. The PPV data are broken down into data attributes such as voltage magnitudes and phase angles. These data attributes are then grouped into data sets, which are buffers that contain links to data attributes. It is via those links contained in the data sets that GOOSE messages are formed.
BTS logic
As part of this study, various control logic diagrams have also been developed to monitor and control the BTS scheme, specifically the opening/closing of relevant CBs. This section outlines the development of two of these control logics and demonstrates the role of peer-to-peer GOOSE messaging in this development. Figures 8 and  9 demonstrate the control logic diagrams that have been developed for closing the BC and one of the incomer CBs. Both logics are realized in the master IED, i.e. IED1. For a better understanding, the reader should also refer to Figure 5 , which shows the configuration of relays for inputs/outputs. The discussion of such a BTS control logic is not a feature of any of the papers [11, 12, [16] [17] [18] 21 ] discussing IEC 61850-based BTSs. Hence, this feature of the present paper is another innovation that contributes to the literature. , which signify the incomer CB to be tripped. The tripping of CB A is realized locally through OUT101, which is connected to the Incomer-A CB. IED1 asserts a local variable (SV03) when the decision to trip CB B is taken. This local variable must be included in the data set of the outgoing GOOSE message from IED1, as demonstrated in Figure 10 . On arrival at IED2, this information is mapped onto a virtual bit (VB) to be used within the IED2 control logic for locally tripping CB B. In Stages 2 and 3, VBs are used to store the relevant information from incoming IED2 GOOSE messages. VBs are simply control inputs to which GOOSE contents can be mapped. Stages 4 and 5 are the synchronism-check stages, which ensure that the phase angle and voltage magnitude differences between the normal and alternative sources are within acceptable limits prior to issuing the closing command to the BC. The importance of this synchronization check was discussed in detail in Section 2. GOOSE messages can be constructed to contain analog data such as voltage magnitudes, which assist in carrying out synchronization checks within the master IED itself, reducing the need for a separate synchronism-check relay. This is an important gain in terms of cost and further wiring reduction. When all conditions are met as demonstrated in Figure 9 , OUT402 asserts and closes the BC. Extra attention must be paid to making sure that IEDs are enabled to map such analog data to local variables called 'remote analogs', as not all IEC 61850-enabled IEDs support this feature.
Hardware prototyping and testing
A hardware prototype, shown in Figure 11 , was built and successfully tested to investigate the concepts outlined in this study. The development of the hardware prototype gave the researcher a significantly better understanding of designing and developing an IEC 61850-based application. In building the prototype, IEC 61850-compliant SEL 751A: Feeder protection relays were used. SEL 751A relays have previously been certified for IEC 61850 conformance and interoperability by an independent authority. A conformance test is a test that checks if IEDs produced by a particular vendor comply with the communication, functional, and applicable requirements defined in the IEC 61850 standard and whether they are interoperable with other IEC 61850 vendor devices and software applications or not. This work has not focused on testing the relays for broad IEC 61850 conformance and interoperability; however, test results clearly show that SEL 751A relays conform to the GOOSE service defined in the standard. The T-N-C selector switch arrangement, discussed in Section 7, was implemented as shown in Figure 11 , and a CB simulator box using a small housing and LEDs, shown in Figure  12 , was used in this project to simulate the CB operation. Budgetary constraints were the primary reason for using LEDs in the place of actual CBs, but this choice actually served well in making the test setup visually transparent. Figure 12 shows the transition in the state of the simulated CBs for a successful test sequence that involved the tripping of CB B. As shown in Figure 12a , in normal operation both incomer CBs are closed and the bus coupler CB is open. Following a trip CB B command, both incomers are momentarily paralleled and the BC CB is closed as shown in Figure 12b . Then CB B is tripped to disconnect the Incomer B supply. Figure  12c shows the final state in the test sequence, where the CB B has been opened and BC CB is closed. In this particular test case, the delay between the paralleling of the incomers and tripping of CB B was chosen as 2 s to enable the visual apprehension of the test sequence. In a real-life operation, this could be much less, e.g., 200-500 ms, as required by the research partner. Figure 13a shows the GOOSE transmit and receive data for IED2, whereas Figure 13b shows the GOOSE transmit and receive data for IED1. IED1 is responsible for tripping/closing the BC circuit breaker and publishes a GOOSE message (titled 'GOOSEMessageBTS') if the CB B is chosen for tripping. On receiving the trigger to trip CB B in the arriving GOOSE message, IED2 trips CB B and publishes a GOOSE message (titled 'GOOSEMessageR2'), which contains the new status of CB B. Figures 14 and 15 show the event report displays that were captured during the simulation run. Figure  14 demonstrates the entire event report display for the test-run. The event recording starts when IN302 asserts signifying a CB B trip command. IED1 control logic closes the OUT402 contact to energize the BC close coil contact. In this particular example, OUT402 is kept asserted by the control logic through the use of a latch. In a real-life implementation, a drop-out time of a few milliseconds is appropriate. There is a 2-s user-set delay between the contact closure and the state change of the SV03 local variable. The state change of the SV03 local variable triggers the 'GOOSEMessageBTS' message from IED1. Figure 15 is a zoom-in of the event report after 17.51 s. It demonstrates how the VB001 and VB002 virtual bits of IED1 change status 8.33 ms after 'GOOSEMessageBTS' is sent from IED1. During this 8.33-ms period, the following events occur in sequence: SV03 asserts and IED1 publishes the 'GOOSEMessageBTS'; 'GOOSEMessageBTS' arrives at IED2, gets unpacked, and triggers IED2 control logic to trip CB B. The tripping of CB B triggers the 'GOOSEMessageR2' to be published by IED2. 'GOOSEMessageR2' arrives at IED1 and is mapped onto VB001 and VB002. Considering the various IED logic processing delays on each side, the end-to-end latency of each GOOSE message will be less than 4 ms, which once again demonstrates the suitability of GOOSE messaging in protection and control applications where extremely fast critical fault clearance time requirements exist. This is in accordance with IEC 61850-5, which specifies a 4-ms maximum delay for class P1, type 1A GOOSE messages related to breaker trip functions [22] . Similar and related works in this field [11, 12, [16] [17] [18] are primarily design review papers and do not present any results similar to the results presented in this section. Therefore, a direct comparison of the results presented in this paper to [11, 12, [16] [17] [18] is not possible.
Conclusion
This paper has presented the design and development of an IEC 61850-based parallel BTS. The paper makes a key contribution by providing insight into all aspects of designing such a system, a main attribute of this paper separating it from previously published works. The most significant innovation of this paper is the proposal of a scheme for the monitoring and control of the BTS and specifically the opening/closing of BC CBs. This is a key feature of this paper against previously published works in the literature and is likely to lead to a reduction in the implementation costs of such systems, as the proposed control removes the need for the use of synch-check relays.
